In this work we present numerical simulations of continuous flow left ventricle assist device implantation with the aim of comparing difference in flow rates and pressure patterns depending on the location of the anastomosis and the rotational speed of the device. Despite the fact that the descending aorta anastomosis approach is less invasive, since it does not require a sternotomy and a cardiopulmonary bypass, its benefits are still controversial. Moreover, the device rotational speed should be correctly chosen to avoid anomalous flow rates and pressure distribution in specific location of the cardiovascular tree. With the aim of assessing the differences between these two approaches and device rotational speed in terms of flow rate and pressure wave forms, we set up numerical simulations of network of one-dimensional models where we account for the presence of an outflow cannula anastomosed to different locations of the aorta. Then, we use the resulting network to compare the results of the two different cannulations for several stages of heart failure and different rotational speed of the device. The inflow boundary data for the heart and the cannulas are obtained from a lumped parameters model of the entire circulatory system with an assist device, which is validated with clinical data. The results show that ascending and descending aorta cannulations lead to similar wave forms and mean flow rate in all the considered cases. Moreover, regardless of the anastomosis region, the rotational speed of the device has an important impact on wave profiles; this effect is more pronounced at high RPM.
Introduction
The implant of a ventricular assist device (VAD) has become a common therapeutic approach for treating heart failure, especially because of the lack of donors and to the raising number of patients presenting terminal heart failure 1, 2 . At the early stage the use of a VAD was indicated for patients on the transplantation waiting list (bridge to transplantation 3 ) and for patients with a temporary need of circulatory support (bridge to recovery 4 ). With the development of more effective devices and the improvement of the clinical experience, the indication for the procedure has widen and it is now proposed to patients who are ineligible for transplantation (destination ther-apy 5 ) and also in situations of extreme emergency (bridge to decision 6 ). When using a continuous-flow left ventricular assist device (LVAD), such as the HeartMate II ® ( Thoratec Corporation a ), the outflow cannula is usually anastomosed to the ascending aorta (AA). However, other devices such as the Jarvik 2000 FlowMaker ® (Jarvik Heart Inc. b ) allow to perform the anastomosis to the descending aorta (DA). The latter procedure is less invasive for the patient as it consists in a left thoracotomy without a cardiopulmonary bypass (CPB) 7 and avoids the adverse effects of the CPB and the sternotomy, especially in the case of patients who are critically ill and already had multiple median sternotomy 8 . Nevertheless the beneficial effect of this procedure is still controversial. For instance, Litwak and co-workers arch and an abnormal flow pattern, such as turbulent regions. This has been further confirmed in Litwak et al. 10 through in vitro experiments where the combined ejection of the DA anastomosed cannula and the heart induced regions of stagnation and turbulence which could potentially have clinical consequences 11 . Moreover Nawata and co-workers 12 reported adverse clinical effects in patients with DA anastomosis, especially thromboembolic events. In addition, the numerical results provided by Bazilev et al. 13 indicate deficiencies associated with the implantation of the LVAD in the descending branch of the thoracic aorta, specifically, blood flow stagnation, abnormally high mean wall shear stress in the vicinity of the implant, and abnormally low and highly oscillatory wall shear stress in the aortic arch.
However, the reliability of DA anastomosis with the Jarvik 2000 FlowMaker ® device has been demonstrated clinically by Frazier et al.
14 . Furthermore, Tuzun et al.
15
showed that myocardial blood flow is not adversely affected by the outflow-graft anastomosis and Ghodsizad et al. 16 reported the advantages of DA anastomosis without CPB; both studies were conducted on animals.
Few studies were performed by mathematical and numerical models to compare the different sites of outflow cannula anastomosis 17, 18, 19 . Moreover, at the best of our knowledge, only Kar et al. 20 compared the AA and DA configurations, highlighting the presence of stagnation zones in the aortic arch, especially in the DA configuration.
On a slightly different context, another relevant aspect that should be addressed to help physicians improving the correct tuning of the device is the assessment of the response of the cardiovascular system to the rotational speed of the device itself. Recent studies show that variable pump speed is beneficial, especially for outpatient and for exercise 21, 22 . Consequently, in this work we aim to:
• develop a new mathematical multiscale framework for assessing the response of the cardiovascular response to the implant of a LVAD;
• assess possible differences in flow rates and pressure patterns depending on the location of the anastomosis;
• assess possible differences in flow rates and pressure patterns depending on rotational speed of the device.
A critical point of the numerical models is the choice of a suitable set of boundary conditions to correctly impose the flow rates provided by the device and by the heart. Up to now, experimental flow rates (either from humans or animals) have been applied as boundary data at the root of the aortic arch, while experimental or extrapolated data have been used as inflow conditions for the anastomosed cannula of the LVAD. Although these methods allow a rough estimation of flows, they do not take into account the fact that the flow rate prescribed by the LVAD depends on the pressure difference across the device and therefore on the left ventricle pressure which is determined by the cardiac function.
To overcome these limitations, in this work we set up a geometrical multiscale model based on the algorithms developed in Malossi et al. 23, 24 that:
1. simulates different stages of heart failure; 2. takes into account the interaction of a continuous-flow LVAD with the cardiovascular system (including different rotational speeds and the effects of autoregulation); 3. allows the evaluation of flow rate and pressure at different location of the cardiovascular system; 4. evaluates qualitatively and quantitatively differences between AA and DA anastomosis.
The main ingredient of our geometrical multiscale model is a network of one-dimensional (1-D) models 25 , which provides a detailed description of the pulse wave propagation along the arterial tree. The network is terminated by lumped parameters windkessel models to account for the peripheral circulation. Inflow boundary conditions are determined a priori by using the global circulation lumped parameters model 26 , which has been slightly modified to account for the presence of the LVAD.
This work is organized as follows. In Section 2 we briefly describe the geometrical multiscale model and the lumped parameters model. Then, in Section 3 we use the lumped parameters model to generate the inflow boundary conditions at the cannula for the geometrical multiscale model, whose results are presented in Section 4. Finally, the main conclusions of our investigation are drawn in Section 6.
Models and methods
In this section we summarize the main components of our geometrical multiscale model. First we introduce the network of 1-D models describing the global arterial circulation proposed by Reymond et al. 25 , that has been slightly modified to account for the presence of the two aforementioned cannula configurations. Then, we recall from the work of Ursino et al.
26 a lumped parameters model for the global circulation, which is used to generate the inflow boundary data for the geometrical multiscale problem.
To have comparable results between the two cannulation possibilities, we decided to use the parameters of only one device, the Thoratec HeartMate II ® , although this device is neither designed nor approved for a DA cannulation.
1-D FSI model for the global arterial circulation
Numerical simulations of the cardiovascular system using a collection of simple distributed 1-D fluid-structure interaction (FSI) models have proven to be able to provide useful information under physiological and pathophysiological conditions. In particular, they give insight about the main characteristics of the flow and the interplay among physical phenomena taking place in the systemic arteries 27, 28, 29, 30, 31, 32, 33 .
Equations and numerical approximation
The 1-D FSI model is derived from the incompressible Navier-Stokes equations by introducing some simplifying hypotheses on the behavior of the flow quantities over the cross-section of the artery. Being z ∈ [0, L] the axial coordinate, with L the length of the vessel, the resulting governing equations are
where α F and κ F are the Coriolis and friction coefficients, respectively, whose definitions are given in Malossi et al. 24 , A is the cross-sectional area, Q the volumetric flow rate, and P the average pressure. The fluid problem (1) is coupled with the 1-D structural model through the pressurearea relation
being P ext a reference pressure, i.e., the pressure level at which the vessel area A is equal to the reference area A 0 , and
being h S the wall thickness, T S the wave characteristic time, and φ S the viscoelastic angle. The functionsψ and ψ in (2) account for the elastic and viscoelastic response of the vessel wall. If needed, problem (1) is closed by a proper set of initial and boundary conditions. The latter can be either inflow and outflow boundary data or coupling conditions with other models, as we detail in Section 2.1.3. From the numerical viewpoint, the 1-D FSI problem is solved by using an operator splitting technique based on an explicit second order Taylor-Galerkin discretization, where the solution of the problem requires two steps: the first one corresponds to the solution of a purely elastic problem, while the second one provides a viscoelastic correction. The spatial discretization is accomplished using P1 finite elements. For more details see Malossi et al. 24 .
Human arterial tree model with cannula
To model the global circulation we use the data of the arterial network provided in Reymond et al. 25 ( Figure 2 and Table 2 ), in which the entire arterial network is divided in many small anatomical arterial segments. More precisely, the model is composed by 103 elements, i.e., 24 elements for the aorta, 4 for the coronary system, 51 for the cerebral system, 10 for the upper limbs, and 14 for the lower limbs. It also includes all the values of the parameters required to describe the blood flow, such as the geometrical properties of the vessels (length and proximal/distal areas) and the data for the terminals, which are modeled as three-element windkessel elements. These values have been obtained both from in vivo measurements and averaged literature data. The presence of the venous circulation is taken into account by imposing a constant pressure of 5 mmHg on the distal side of each windkessel terminal, i.e., P v = 5 mmHg (see Malossi et al. 24 , Figure 7 ). Regarding the parameters of the wall, since we use a different model, we estimate these values from other sources, as described in Malossi et al. 24 . To account for the presence of the LVAD the global network of 1-D arteries is extended by including an additional segment representing the cannula. As discussed in the introduction, the position of the cannula depends on the chosen approach for the anastomosis. Following the same numeration in Reymond et al. 25 ( Figure 2 and Table 2 ), in the AA configuration the cannula is connected in the middle of the segment 95 (ascending aorta 2), while in the DA configuration it is attached at the junction between segments 18 (thoracic aorta A) and 27 (thoracic aorta B). The end of the outflow cannula of the LVAD is modeled as a stiffer 1-D element (Young modulus E S = 4 MPa) and a diameter of 16 mm as reported by the manufacturer. The inflow boundary data for the cannula are computed by using the lumped parameters model by Ursino et al. 26 , as described in Section 2.2.
Interface conditions for the network of models
The solution of the global network of 1-D models is addressed in detail in a previous work of Malossi et al. 24 . We consider a general network of 1-D models connected by C coupling nodes: at each c-th coupling node we impose the conservation of mass and the continuity of mean pressure as
where I c is the number of interfaces connected by the c-th coupling node, c = 1, . . . , C. From the numerical viewpoint, the global interface problem is written in a residual formulation and solved by Newton or inexact-Newton methods, where the Jacobian matrix is either computed analytically, by solving the tangent problem associated to each model, or approximated with finite difference. To avoid the recomputation of the Jacobian matrix at each iteration, a Broyden method is used 24 .
Lumped parameters model for the cannula inflow boundary conditions
Zero-dimensional (0-D) (or lumped or compartmental models) usually provide averaged spatial information about the fundamental variables (pressure, flow, and volume) of the compartment (organ, vessel or part of vessel) of interest at any instant in time, differentiating themselves from higher dimensional models that are also able to capture the spatial variation of these parameters. They are particularly appreciated in the description of complex multi-compartmental systems as they are easy to develop and prototype, fast to solve and may be refined by adding equations for second-order effects and nonlinearities. Usually, lumped parameter models consist of differential algebraic equations describing the conservation of mass and momentum which are complemented by a pressure-volume relation 34, 35, 36, 37 . Lumped models have been extensively applied for modeling the cardiovascular system 26, 31, 38 . For a recent review on lumped parameters models for cardiovascular problems see Shi et al. 39 and references therein.
Model description
The lumped description of the cardiovascular network is obtained extending the model of Ursino et al. 26 by including a compartment representing the LVAD. Ursino model was developed to provide a lumped mathematical description of the whole cardiovascular system accounting also for autoregulation and therefore constitute a suitable basis for our analysis. The model includes an elastance variable description of the left and right heart, the splanchnic and extrasplanchnic systemic circulation, the pulmonary circulations, the afferent carotid baroreceptor pathway, the sympathetic and vagal efferent activities, and the action of several effector mechanisms. A sketch of the model is depicted in Figure 1 . The vascular compartments are modeled by the classical basic L-circuit equivalent equations, derived by linearizing system (1) 40 . The resulting equations relate the volume of the compartment V C , the inlet and outlet volumetric flow rate Q in and Q out , and the inlet and outlet pressure P in and P out . The mass conservation reads
while the momentum conservation is given by
where R C denotes the hydraulic resistance of the compartment and L C the inertance of the flow. Equations (4) and (5) are complemented by a pressure-volume relation by mean of a compliance C C , namely The conservation of mass and momentum is imposed at each node of the 0-D network through equations analogous to (3) . Inertance of the flow is considered only for arterial compartments since in the other elements that term is small with respect to the resistive hydraulic pressure loss and may be neglected. Cardiac valves are considered open if the pressure in the upper chamber is greater than the one in the lower compartment and closed otherwise. In the former case, a nonlinear resistance models the hydraulic pressure loss through the valve. Autoregulation is modeled by differential algebraic equations changing the elastance of the heart ventricles and the resistances and the unstressed reference volumes of splanchnic and extrasplanchnic circulation. Both sympathetic and vagal autoregulation pathways are taken into account 26 . The LVAD is modeled by a pressure-controlled flow generator. Particularly, for each value of the pressure across the device, the corresponding flow is prescribed according to interpolated experimental pressure-flow curves at different rotational speeds c . The model has been implemented in Modelica ® (a non-proprietary, object-oriented, equation based language aimed at conveniently model complex physical systems d ) and solved for different device rotational speeds and ventricular elastance corresponding to the case of healthy heart (HH), mid heart failure (MHF), and severe heart failure (SHF); the last two are both in the context of dilated cardiopathy.
To set up the two cases we have changed some of the parameters given in Ursino et al. 26 ; these are summarized in Table 1 . More precisely, E max,lv represents the reference value of the ventricle elastance at the instant of maximum contraction for the patient, while E max lv,0 the value in absence of autoregulation, and G E max,lv the maximum baroreceptor gain (autoregulation effect). By lowering these parameters the contractility properties of Figure 1 : Diagram of the lumped model. Four main compartments may be identified: heart, systemic circulation, and pulmonary circulation. Red elements denote subcompartments containing oxygenated blood while blue elements subcompartment containing deoxygenated blood. White circles represent compliances, white rectangles inertances, and white facing triangles resistances. Single triangles denote proper valves. Elements with a thick gray contour are subject to autoregulation as a function of the arterial pressure at the inlet of the systemic circulation arteries. The LVAD device pump blood from within the left ventricle to the systemic arteries. the heart are decreased, hence modeling heart failure of different intensity. We also varied k E,lv , the steepness of the pressure-volume curve for the ventricle (supposed to be monoexponential), to be able to correctly represent the pressure-volume curve in patients presenting heart failure of different intensity. All the other parameters are set as in Ursino et al. 26 .
Lumped parameters model results and validation
In this section we present the numerical results obtained by the lumped parameters model. Particularly, the model offers the possibility to compare and evaluate different scenarios including:
1. different stages of heart failure; 2. pre-and post-operative situations (before and after the device implant); 3. different rotational speeds of the device.
An extensive overview of the results provided by the model is reported in Table 2 for both pre-and post-LVAD implant. Simulations performed without the LVAD aim at comparing the predictive and explanatory ability of the model for the cases described in Section 2, i.e., HH, MHF, and SHF. To set up these simulations we use the parameters reported in Table 1 . To validate our results, we compare them with the clinical data given by Cox et al. 41 , which are reported in Table 2 under the "Ref." column for the reader's convenience. The values predicted by the model for the case of an healthy heart match the reference data except for the end-systolic volume, which is higher than the upper bound of the clinical range. In the case of middle and severe heart failure the model provides results that are in good agreement with the limits of the clinical ranges for the heart failure (HF), thus representing the case of MHF and SHF. However, in these cases, predicted pulmonary pressures are lower than expected. ure 2a. The curves for stages of dilated heart failure match both qualitatively and quantitatively the typical curves observed in clinical practice 42 . Note that the pathological conditions, compared to the physiological one, exhibit the presence of systolic dysfunction with increased end-systolic and end-diastolic volumes, decreased stroke volume, and increased end-diastolic pressure.
Configurations including the LVAD were tested for MHF and SHF and for different pump rotational speeds corresponding to the usual values used in the clinical practice (8k, 9k, and 10k RPM). The numerical results show that our model is able, at least qualitatively, to reproduce the main features of the continuous-flow assist devices. Particularly we observe:
1. a flow rate increase when increasing the pump rotational speed; 2. a flow rate increase when decreasing the pressure jump across the pump; 3. a pulsatility decrease when increasing the pump rotational speed (measured by the pulsatile index); 4. a venous pulmonary pressure decrease when increasing the pump rotational speed: this is a well known behavior of LVAD, since it improves pulmonary circulation in patients.
The pressure-volume curves for the middle and severe heart failure states are reported in Figure 2b and Figure 2c , respectively, for different rotational speeds. In all the cases the device helps in unloading the ventricle from its pumping workload and the effect becomes more evident when the rotational speeds and therefore the LVAD flow rate are increased. The model reproduces the typical triangular pressure volume curves observed in clinical practice for patients under ventricular assistance 43 . In conclusion, the lumped parameters model provides a reliable description of the behavior of the device in different relevant physiological and pathological conditions, since it accounts for the interaction among the ventricle, the assist device, the aorta, and the other parts of the circulatory system. Consequently, it can be used to estimate a proper set of inflow boundary conditions for the network of 1-D arteries. In particular, we generate six sets of boundary data at different values of the rotational speed and for different heart failure levels, as shown in Figure 3 where, for the reader's convenience, the timescale in the images has been normalized to one heart beat; the real timescale can be deduced by the heart rate values reported in Table 2 .
The curves exhibit a good qualitative agreement with the experimental data reported, for example, by Khalil et al. 44 . Particularly, the 0-D model allows us to take into account the dynamic interaction between the device and the cardiovascular system itself, predicting, for example, the blood stealing effect that the device has on the ventricle chamber, especially at high rotational speeds. In fact, the device empties the ventricle chamber continuously reducing the amount of blood available to be ejected by the aortic valve during heart contraction. Coherently, the aortic valve flow rate provided by the 0-D model is present only at the systolic phase peak and is reduced by increasing the device RPM, being effectively null in the case of 9k and 10k RPM with SHF. By using the lumped parameters model results as boundary data for the networks of 1-D arteries we take into account these effects.
Numerical comparisons of LVAD implant configurations
We use the network of 1-D arteries described in Section 2.1.2 to set up several numerical comparisons between different LVAD implant configurations. The aortic and the LVAD periodic flow rates computed by the lumped parameters model (see Figure 3) are used as inflow boundary data for the network of 1-D arteries, as described in Section 3. Note that these data are supposed to be valid for both the AA and DA cannulations, since the lumped parameters model used was not able to take into account the exact location of the anastomosis. This can introduce a bias in our comparisons by attenuating the differences between AA and DA. We analyze 12 different clinical scenarios obtained by the combination of the two possible sites for the anastomosis of cannula, the two stages of heart failure, and the three available rotational speeds of the device. We remark that not only these scenarios are rather frequent among different patients presenting heart failure, they may also regard a single patient at different stages of the disease, for example in the case of the idiopathic dilated cardiomyopathy in which the device, implanted as a bridge to recovery, weans to the progressive full recovery of the heart 4 . The main motivation for our study is to numerically model and compare different sites of outflow cannula anastomosis. Indeed, the network of 1-D arteries allows to perform this analysis by comparing the blood pressures and flow rate wave forms at different locations for the selected clinical scenarios.
In Table 3 we select nine arteries from the global 1-D network and we compare the predicted mean flow rates for the two cannulation techniques. The results show that, regardless of the heart failure stage (MHF or SHF) and rotational speed (8k, 9k, and 10k RPM), the mean flow rate between the AA and DA anastomosis is similar. In particular, the flow rates in the coronaries and in the cerebral arteries for the two approaches may be considered clinically equivalent. This is relevant due to the importance of the heart and cerebral perfusions. Moreover, for all the other arterial segments, the differences between the two approaches have been quantified in less than 1%. Furthermore, we want to assess whether there is any significant difference in the flow rates and pressures wave forms between the two different cannulation techniques. In this respect, we compare the flow rates and pressures wave forms for two limit configurations: the MHF state with LVAD at 8k RPM and the SHF state with LVAD at 10K RPM. In the first case both the cannula and the aortic valve inflows are non-null, such that the systemic circulation is fed from two different points and with flows characterized by different shape and amplitude. In the second case the device is the only flow source since it sucks too much blood from the ventricle for the aortic valve flow rate to be present. Thus the heart does not contribute to the systemic circulation. The results of these comparisons are shown in Figure 4 and Figure 5 , respectively. In both configurations, the AA and the DA flow rate and pressure waveforms are almost the same in all the vessels. Finally, in Figure 6 and Figure 7 we show flow rate comparisons at different rotational speeds for the MHF and SHF cases, respectively, in six selected arterial segments. Since the AA and DA cannulations lead to very similar wave forms, in the images we show only the results of the former approach. Similar curves are obtained for the case of the DA cannulation. An increase of the rotational speed of the device decreases the flow rate wave amplitude, regardless of the stage of heart failure. This effect is particularly pronounced in the MHF case in which wave profiles alteration are observed in the right common carotid, in the right vertebral artery, and in the left anterior descending coronary. We recall that loss or reduction of pulsatility and wave profile alterations for flow rates may have adverse effects on human physiology. For this reason, even if numerical simulations have proven that the AA and DA cannulation approaches are similar, particular care should be taken in setting the 
Limitations and extension of the current work
Our model proved to be effective in describing the global cardiovascular response to the implant of a LVAD, to its location, and to its rotational speed. However, the present work presents some limitations that should be further investigated in the future. Being based on reduced dimensional techniques which provide only spatial averages of the quantities of interest, our approach neglects possibly relevant 3-D effects like vortex flow regions, turbulent flow regions, zones of stagnation, and abnormal distributions of the wall shear stress at the site of anastomosis or at vessels bifurcations. These flow patterns can, in principle, lead to complications, e.g., thrombosis or hemolysis, to long-term effect on aortic wall, i.e., remodeling, or to haemodynamical effects on the aortic valve, i.e., valve regurgitation. These limitations could be partly overcome using a 3-D model of the cannula anastomosed to the aorta, thus considering the 3-D dynamics of the flow in that region 45 . 45 . The use of 3-D geometries, besides allowing the study of the effect of the site and the angle of the anastomosis of the cannula, make it possible a comparison of 3-D flow patterns with data from the literature 13 . Another limitation of the present work is that the 0-D and the 1-D model do not provide reciprocal feedbacks, being effectively decoupled. In fact the lumped parameters model is used only to pre-generate the inflow boundary condition for the cannula while the 1-D model does not feature a closed loop as it only accounts for the description of the systemic arteries. In this respect, the development of a closed-loop model which accounts for the interaction between a detailed (i.e., 1-D plus 3-D) systemic circulation and a lumped description of the peripheral and venous compartments, as well as of the LVAD pump, may provide more accurate results. Another possible extension of the present model deals with the inclusions of the effects due to nonlinear material properties of blood and wall tissues. However, these effects are generally considered negligible when using reduced order models, such as the 1-D FSI model employed in this work. More precisely, the assumption of a linear elastic stress-strain wall relation is acceptable unless specific clinical scenarios dominated by the nonlinear mechanics of the wall are analyzed (e.g., stenoses or aneurysms); for this class of problems, a 3-D description of the flow and of the arterial wall could be essential.
Conclusions
In this work we developed a geometrical multiscale model to simulate the interaction of a LVAD with the systemic circulation. A brief description of the employed models including some details about the used numerical approximation have been provided. Our work had three main goals.
1. The development of a multiscale framework for assessing the cardiovascular response to the implant of a LVAD. This framework effectively combines a lumped mathematical model with autoregulation and a network of 1-D FSI arteries that in future works can be extended to include local 3-D blocks. The lumped parameters model has been validated for different stages of heart failure and is able to represent different clinical situations pre-and post-LVAD implant, being therefore able to provide reliable preliminary results on pressures and flow rates, accounting for the interaction between the device and the global circulation. The 1-D FSI arteries model uses the results of the lumped model as inflow boundary data and provides an effective description of the flow rates and pressure in the global arterial tree. Through this framework we were able to study several clinical scenarios, given by the combination of two possible sites for the anastomosis of cannula of the LVAD (AA and DA), three rotational speed of the device (8k, 9k, and 10k RPM), and two stages of heart failure (MHF and SHF). DA cannulations exhibit similar wave forms and mean flow rates in all the considered cases. In spite of the limitations of our model, the results confirmed that, as mentioned in Section 1, DA cannulation remains an adequate therapeutic option, especially in patients who are at high risk for the AA cannulation. ena and, in spite of neglecting specific local 3-D flow patterns, it provides indication that may be considered already useful in clinical practice. Moreover, the introduced multiscale framework could easily be extended to include local 3-D geometries. To conclude, in future studies the geometrical multiscale model will be used to evaluate sev-eral new clinical scenarios. For example, for the evaluation of the hemodynamic response and pump behavior in aortic regurgitation, which is a common problem, or for testing different devices under typical clinical situations.
